Background: Soil respiration in forest ecosystems is an important part of the forest carbon (C) cycle. Studying the variation patterns of soil respiration under acid rain conditions is critically important for understanding forest C balance and performing rational forest management and operations. Methods: A split-plot design field experiment was performed in a mixed coniferous-broadleaved forest in the Three
Introduction
In the context of global climate change, studying the carbon (C) cycle and budget in terrestrial ecosystems has long been a research priority worldwide (Hashimoto et al. 2015) . Soil respiration in forest ecosystems constitutes an important part of the forest C cycle (Wei et al. 2010) . Acid rain is a global problem, and China is one of the most polluted countries after Europe and North America. This problem is particularly prominent in southern China because the mean pH of rainfall has often been lower than 4.6 in recent years, even dropping to 3.6 in extreme cases Zhang et al. 2011) . Most of the ecosystems in this region have experienced changes in ecosystem stability and biogeochemical cycles after acid rain increase (Busch et al. 2001) . In forest ecosystems, acid rain can reduce soil acidity, destroy the nutrient cycling process by leaching, release salt-based cations and toxic metals in soil, and cause various effects on soil chemical properties and nutrients (Bowden et al. 2004; Ling et al. 2010 ). On the one side, acid rain can interfere with the decomposition of organic matter in soil (such as ammoniation and nitrification), destroy nitrogen fixation process, and affect nutrients from plant leaves and roots (Turner and Tingey 1990; Meldahll et al. 1990; Aber et al. 1998 ), which will not be used as nutrients by plants (Zhang et al. 2007) . Toxic ions such as Al 3+ can also be displaced in acid rain, resulting in high concentrations of toxic ions in soil solutions, which may cause damage to roots and microbial communities (Kuperman 1996) .
Acid rain can affect the plant root status and litter properties, soil microbial community structure and function, and the soil enzyme activities involved in the C and N cycles and transformation processes (Lv et al. 2014; Liang et al. 2016) . Forest soil respiration may change due to factors such as soil microbes, roots, litter and climate (Ouyang et al. 2008) . Thus far, inconsistent results have been obtained from studies that have investigated the effects of acid rain on forest soil respiration. For instance, Zhang et al. (2011) conducted a study from 2009 to 2010 and showed that the soil respiration rate was inhibited by high-intensity acid rain. Liang et al. (2016) found that under acid rain treatment, soil respiration decreased slightly in the first year followed by a significant decrease in the second year. However, Chen et al. (2015) found no significant differences in soil respiration between different simulated acid rain treatments in a mixed coniferous-broadleaved forest. Few studies have investigated the effects of acid rain on forest soil respiration under natural field conditions, and long-term field simulation experiments are currently scarce; thus, whether regional and temporal differences occur is poorly understood. The potential effects and mechanisms of acid rain on soil respiration and its components might vary with the control factors and biological processes of different terrestrial ecosystems. Autotrophic (root) and heterotrophic (microbial and animal) respiration, which are aspects of soil respiration, occur in different ways and have varying feedback on their influencing factors; thus, their responses to acid rain will vary (Wei et al. 2010) . It is of great significance to study the variation patterns of soil respiration under acid rain to provide a theoretical reference for rational forest management and operation under acid rain conditions. The accurate identification of different components of soil respiration has always been a difficult and popular topic in the study of underground biology and carbon cycle. Regarding the difference of response of autotrophic respiration and heterotrophic respiration to acid rain, Chen et al. (2015) considered that simulated acid rain increased the proportion of heterotrophic respiration in soil respiration and decreased the proportion of autotrophic respiration. At present, information regarding soil respiration components, particularly their response to acid rain in these forests, is poorly known.
In China, most of the land covered by primary forests has been degraded by human activities. When evergreen monsoon rainforests are destroyed, mixed coniferousbroadleaved forests often occur, and they occupy a significant area of southern China (Brown et al. 1995) . However, few studies have been conducted on the soil respiration components and their response to acid rain in these forests (Mo et al. 2007 ). The city of Chongqing in the Three Gorges Reservoir Area is a typical acid rain area in southern China. Due to industrial development and increasing numbers of motor vehicles, acid rain is converted from a sulphuric acid type to a sulphuric acid-nitric acid mixed type in Chongqing . Although rainfall pollution has been mitigated in recent years through emissions reduction control policies, the acid rain situation is still serious, and further analysis is needed to elucidate the effects of rainfall acidification (Guo 2016) .
The objectives of this study were to monitor variation in soil respiration and soil properties and explore the mechanisms underlying the response of soil respiration to acid rain through two-year simulated acid rain experiments in a mixed coniferous-broadleaved forest in Jinyun Mountain, Chongqing. We explored three important questions to help predict how acid rain affects the soil C balance in forest ecosystems: (1) Does acid rain affect soil respiration and its components in the mixed coniferous-broadleaved forest? (2) How does acid rain affect soil properties, and do variations in soil properties contribute to the variation in soil respiration? (3) How do soil biotic and abiotic factors drive soil respiration under different simulated acid rain treatments?
Study methods

Study area description
The study area is located in the Jinyun Mountain area of Chongqing (106°17′-106°24′ E, 29°41′-29°52′ N), and it is part of the Three Gorges Reservoir Area with an altitude of 170-950 m. The study area has a typical subtropical monsoon humid climate with an annual mean rainfall of 1611.8 mm and a mean relative moisture content of 87%. The rainfall during the rainy season (April-September) accounts for 77.2% of the total annual rainfall. The annual mean temperature is 13.6°C, and the annual mean evaporation is 777.1 mm. Little rainfall with high evaporation occurs from the end of July to the middle of August each year, thus constituting the drought period. The soil type in the study area is yellow soil with a pH between 3.5 and 4.5; this is an acidic soil with weak anti-erosion ability. The vegetation coverage reaches up to 96.6%. There are four forest types in the Jinyun Mountain area of Chongqing: evergreen broadleaved forest, mixed coniferous-broadleaved forest, coniferous forest and bamboo forest. Our study site is located in the mixed coniferous-broadleaved forest (Table 1 ). The area of mixed coniferousbroadleaved forest occupies 55.7% of the total forest area (Li 2009 ). This forest area includes multiple representative ecosystems that include a species gene pool of typical ecological complexes in the Jinyun Mountain area, which can reflect the natural background of forests in this area.
Experimental design and management
Field experiments was assigned in a split-plot design in the mixed coniferous-broadleaved forests. There were 4 main blocks (duplicates), each of which was split into untrenched (UT) and trenched (T) treatments. The 4 acid rain treatments were randomly assigned in each of the untrenched and trenched treatments: control (pH 4.5), low-intensity acid (pH 4.0), medium-intensity acid (pH 3.25), high-intensity acid (pH 2.5), designated UTCK, UT4.0, UT3.25, and UT2.5 into untrenched plots and TCK, T4.0, T3.25, and T2.5 into trenched plots. There were a total of 32 micro-plots assigned in field, with each micro-plot area measuring 2 m × 2 m. The distance between the two micro-plots was more than 4 m to prevent interference caused by mutual influence. Soil respiration (R s ) and heterotrophic respiration (R h ) were distinguished by the trench method, excluding roots; this approach has precedent in the soil respiration literature but holds some drawbacks such as higher soil moisture on trenched plots, additional sources of CO 2 from decaying dead roots, and autotrophic respiration being assigned to heterotrophic respiration because roots are existed below a depth of 40 cm. The interference was minimized by carefully digging trenches (40 cm) around trenched plots (when the depth of trenching was more than 40 cm, soil parent material composed of rock weathering debris emerged, and the root seldom existed), and then, the roots inside and outside the plots were separated by inserting a PVC plate. The trenched plots were vacant for 6 months, which allowed the roots in the plots to decompose completely and prevented CO 2 from causing higher R h . The untrenched plots removed only the plants inside the PVC collars. The flux observed in the trenched plots represented the heterotrophic component (R h ) in soil respiration, and soil respiration (R s ) was observed in the untrenched plots. The CK group was set to the annual mean rainfall pH of 4.5 in a natural state, while the T3.25 group was set to the lowest rainfall pH value. Given that the rainfall pH (Liang et al. 2016; Guo et al. 2016) . To reflect the trend in the molar ratio of S:N in rainfall, we prepared a mother liquor of acid rain with a pH of 1.0 using H 2 SO 4 and HNO 3 at a 5:1 ratio . Then, the mother liquor of acid rain was mixed with deionized water to obtain pH values of 4.5, 4.0, 3.25, and 2.5. The experiment lasted from January 2016 to January 2018, and acid rain was applied once every 2 weeks during the experimental period. Acid rain was sprayed back and forth uniformly and manually with a spray bottle. All quadrats were sprayed within a day.
For each application, 8 L of acid rain per quadrat was sprayed, equivalent to 2 mm of rainfall. The annual input of H + load for the natural-state quadrats was 0.4292 kmol·ha − 1 , and the H + load added to the T2.5, T3.25, T4.0, and CK treatments were 4, 0.62, 0.11, and 0.04 times higher than that of natural rainfall, respectively (Liang et al. 2016; Guo et al. 2016 ).
Determination of soil respiration, temperature, and moisture content A soil ring (outer diameter, 20 cm; inner diameter, 19.5 cm, and height, 12 cm) was inserted into the soil at the centre of each quadrat; a length of 2.5 cm was exposed above the ground, and all living organisms within the ring were removed. The soil respiration rate under natural conditions was measured using a LI-8100 open-circuit soil respiration measurement system (LI-COR, Lincoln, NE, USA). Measurements were performed twice at 09:00-11:00 over two consecutive days selected within the first, middle, and last 10 days of each month during the experimental period, and the mean value was taken as the mean daily soil respiration rate. A previous study showed that the measured values at this time interval were close to the daily mean values of soil respiration (Yu 2015; Jian et al. 2018 ). There were four replicates for the four quadrats per treatment. Soil respiration was measured 2 days following each application of acid rain to avoid a spike in soil respiration due to the spraying. Soil temperature and moisture content (volumetric fraction) were measured at a depth of 5 cm using an Em50G data logger (LI-COR, Lincoln, NE, USA) equipped with a 5TM soil moisture and temperature sensor. One sensor was placed in each quadrat.
Sample collection and analysis
In April 2016, October 2016, April 2017, and October 2017, the soil samples (0-10 cm) were taken from each quadrat with a cutting ring using a five-point method, placed into a plastic bag, mixed evenly, and then brought back to the laboratory. Four replicates per treatment were collected each time. The collected soil samples were dried, milled and sifted to determine the soil pH value. The glass electrode method was used (soil-water ratio was 1:2.5). When collecting the soil samples, topsoil (0-10 cm) cores were taken from each quadrat with a soil auger (10 cm × 7 cm) using a five-point method. Five cores per quadrat were combined, placed into a plastic bag, and then brought back to the laboratory. The soil cores were sieved and rinsed with distilled water. The root samples were oven-dried to a constant weight at 65°C. The fine roots were examined with a Vernier calliper (d < 10 mm), weighed, and recorded. Four replicates per treatment were taken each time.
In addition, a portion of the fresh soil samples collected in October 2017 was immediately used to determine the soil microbial biomass C, microbial biomass N, and enzyme activity. The remainder was air-dried, ground, and sieved before soil chemical analysis. The organic C content was determined by oxidation with dichromate plus titration with ammonium ferrous sulphate (Liu 1996) . The hydrolysable N concentration was determined by boric acid absorption-hydrochloric acid titration (Bao 2000) , and the total N concentration was determined using the Kjeldahl method (Bao 2000) . The available P concentration was determined by extraction with sulphuric acid and hydrochloric acid, while the total P concentration was determined after the soil was digested with sulphuric acid and perchloric acid (Bao 2000) . The soil microbial biomass C and N were determined using a chloroform fumigation-extraction method (Lu 1999) . The activity levels of the enzymes (acid phosphatase (Kandeler et al. 1999) , urease (Nannipieri et al. 1980) , and sucrase (Gopal et al. 2007; Gu et al. 2009 ) were determined by spectrophotometry. Toluene was used as a biological activity inhibitor. The measurement results of the soils were calculated on a dry-weight basis.
Data analysis
A repeated-measures analysis of variance (ANOVA) with a split-plot design was used to test the effects of trenching, simulated acid rain, and their interactions on the soil CO 2 flux, annual mean soil respiration rate, annual cumulative soil respiration, soil temperature, soil moisture, soil pH, and fine root biomass (P < 0.05) followed by the least significant difference test for multiple comparisons. A one-way ANOVA was performed to determine significant differences in soil properties such as soil pH, organic C, and C:N ratio (P < 0.05) followed by the least significant difference test for multiple comparisons. The linear model was used to analyse the positive proportional function relationship between heterotrophic respiration and total soil respiration. The exponential function model was used to fit the relationship between soil temperature and soil respiration, the quadratic function model was used to fit the relationship between soil moisture and soil respiration, and a twofactor model with an added interaction factor (soil temperature × soil moisture) was used to fit the relationship of soil temperature, soil moisture, and soil respiration. Pearson's correlation coefficient was calculated to analyse the correlations between soil properties such as soil pH, organic C, and C:N ratio versus soil respiration. Because soil respiration was not measured daily, the measured soil respiration and the 5-cm soil temperature and moisture content were used to establish the fitting equation and calculate the daily soil respiration rate. Daily CO 2 emissions were aggregated to obtain cumulative soil respiration. All calculations, analyses, and graphic drawings were performed using Excel 2016, SPSS 19.0, and OriginPro 9.0 software.
Results
Variation in soil respiration, soil temperature, and soil moisture content under different acid rain intensities
The soil temperature showed a similar seasonal variation trend across the different simulated acid rain treatments, and it was highest in summer and lowest in winter. From 2016 to 2017, the soil temperatures of the UTCK, UT4.0, UT3.25, and UT2.5 treatments fell in the ranges of 4. 78-24.97, 4.87-25.08, 4.66-24.68, and 4.64-24.95°C , and those of the TCK, T4.0, T3.25, and T2.5 treatments fell in the ranges of 5. 62-24.51, 5.48-24.90, 5.50-24.98 and 5.38-24 .43°C, respectively ( Fig. 1A and C) . The soil moisture content fluctuated strongly due to rainfall, with the lowest value of the year in August and September. From 2016 to 2017, the soil moisture content of the UTCK, UT4.0, UT3.25 and UT2.5 treatments ranged from 14.05%-32.45%, 14.23%-32.84%, 13.88%-33.02% and 13.96%-33.21%, and that of the TCK, T4.0, T3.25, and T2.5 treatments ranged from 14.05%-29.60%, 14.23%-30.33%, 13.76%-29.88% and 13.93%-29.53%, respectively (Fig. 1B  and D) . The two-factor repeated-measures ANOVA of the soil temperature and soil moisture content showed that both parameters were significantly affected by time (respiration component) (P < 0.01), while no significant effects were observed for the different intensities in simulated acid rain (P > 0.05) and their interactions with time (P > 0.05; Table 2) .
R s and R h showed a unimodal trend across different simulated acid rain treatments during 2016-2017, with the peak values recorded in August and September and the lowest values in January and February ( Fig. 1E and  F ). This behaviour is generally consistent with the trend in soil temperature but markedly different from the trend in soil moisture content. The annual mean soil respiration rates of the UTCK, UT4.0, UT3.25, and •s − 1 in 2017, respectively. The two-factor (trenching and SAR) ANOVA showed that the respiration rate was significantly affected by trenching (P < 0.01), different simulated acid rain treatments (P < 0.01), and their interactions (P < 0.05; Table 2 ). The inhibition effects of simulated acid rain on soil CO 2 emission was contingent on the specific respiration components. The repeated-measures ANOVA showed that the effects of simulated acid rain on soil CO 2 emission, annual mean soil respiration rate, and annual cumulative soil respiration was significantly affected by time (P < 0.01; Table 2 ). Compared with the control, the mean soil respiration of 2016 in the UT3.25 and UT2.5 treatments decreased significantly by 6.92% and 8.67%, and the cumulative soil respiration of 2016 decreased significantly by 12.21% and 13.71%, respectively ( Fig. 2A and B). However, there was no significant difference between the UT4.0 and UTCK treatments (P > 0.05), and there was no significant difference between UT3.25 and UT2.5 treatments (P > 0.05). The mean soil respiration of 2017 in the UT2.5, UT3.25, and UT2.5 treatments decreased significantly by 5.17%, 18.90%, and 28.35%, respectively, and the cumulative soil respiration of 2017 decreased significantly by 21.77%, 12.22%, and 17.29%. Compared with the control, the mean heterotrophic respiration of 2016 in the T4.0, T3.25, and T2.5 treatments decreased significantly by 5.12%, 14.50%, and 17.94%, respectively, and the means of 2017 decreased significantly by 7.86%, 20.22%, and 35.51% (Fig. 2C) . The cumulative heterotrophic respiration of 2016 in the T4.0, T3.25, and T2.5 treatments decreased significantly by 7.99%, 15.15%, and 21.91%, respectively, and the cumulative soil respiration of 2017 decreased significantly by 9.22%, 16.21%, and 28.68% (Fig. 2D ). Significant differences were observed among different simulated acid rain in the trenched treatment in 2016 and 2017 (P < 0.01).
As shown in Fig. 3 , the regression analysis showed that there was a positive correlation between soil respiration under the trenched treatment and heterotrophic respiration under the untrenched treatment (P < 0.01). The R 2 of each treatment was above 0.8. The ratio of heterotrophic respiration to soil respiration was 70.66%, 68.66%, 66.40%, and 62.76% under the control, pH 4.0, pH 3.25 and pH 2.5 treatments, respectively, indicating that the proportion of heterotrophic respiration decreased gradually with increasing acid rain acidity.
Variation in soil properties under different acid rain intensities Soil pH, fine root biomass, microbial biomass, and enzyme activity All soil samples collected from the different treatments were acidic. In the early stage of the experiment (April 2016), there was no significant difference in soil pH between the trenched treatment and the untrenched treatment (P > 0.05), and then, differences gradually emerged. In the samples collected in October 2017, there were decreases of 1.79%, 2.55%, and 5.10% in the UT4.0, UT3.25, and UT2.5 treatments compared with the CK, respectively, while there were decreases of 2.59%, 5.18%, and 9.07% in Fig. 4A and B, Table 2 ). The soil fine root biomass under different treatments was promoted by acid rain at the early stage of the experiment (April 2016) (P < 0.05) and increased by 20.98%, 17.48%, and 20.28% in the UT4.0, UT3.25, and UT2.5 treatments compared with the control, respectively. At the later stage of the experiment (October 2017), the simulated acid rain inhibited the treatment and increased by 9.34%, 18.68%, and 26.92% in the UT4.0, UT3.25, and UT2.5 treatments compared with the control, respectively (Fig. 4C, Table 2 ).
Significant differences were not observed in the soil microbial biomass carbon and microbial biomass nitrogen between trenched and untrenched treatments (P > 0.05) ( Fig. 5A and C) . Urease activity was significantly different between the control and pH 2.5 treatment (P < 0.01). Urease activity in the UT2.5 treatment was reduced by 28.85%, while it was reduced by 18.16% and 32.80% in the T3.25 and T2.5 treatments. Sucrase activity was also inhibited by acid rain. The sucrase activity in the UT3.25 and UT2.5 treatments were significantly reduced by 20.92% and 43.74% (P < 0.05), respectively, while it was reduced by 25.86% and 30.08% (P < 0.01) in the T3.25 and T2.5 treatments, respectively ( Fig. 5B and D) .
Soil nutrients
The soil organic C content and C:N ratio were significantly increased by acid rain (P < 0.01). The soil organic C content of the UT4.0, UT3.25, and UT2.5 treatments increased by 20.57%, 43.07%, and 60.30% compared with the CK, respectively, while that of the T3.25 and T2.5 treatments increased by 47.32% and 47.40%, respectively. The corresponding C:N ratio of the UT4.0, UT3.25, and UT2.5 treatments increased by 14.66%, 27.07%, and 43.51%, respectively, while that of the T3.25 and T2.5 treatments increased by 38.23% and 46.65%, respectively. By contrast, the soil hydrolysable N and total P concentrations were Fig. 2 Variation in the annual mean soil respiration rate under different treatments (A); variation in the cumulative soil respiration under the different treatments (B); variation in the annual mean heterotrophic respiration rate under different treatments (C); and variation in the cumulative heterotrophic respiration under the different treatments (D). Vertical bars represent standard errors (n = 4). Different lowercase letters indicate significant difference between treatments (P < 0.05). UTCK, UT4.0, UT3.25, and UT2.5 indicate the control, pH 4.0, pH 3.25, and pH 2.5 simulated acid rain in the untrenched plots, respectively; TCK, T4.0, T3.25, and T2.5 indicate the control, pH 4.0, pH 3.25, and pH 2.5 simulated acid rain in the trenched plots, respectively significantly decreased by acid rain (P < 0.01). The hydrolysable N concentrations of the UT4.0, UT3.25, and UT2.5 treatments decreased by 14.17%, 29.80%, and 27.44% compared with the CK, respectively, while that of the T3.25 and T2.5 treatments decreased by 38.64% and 15.70%, respectively. The corresponding total P of the UT4.0, UT3.25, and UT2.5 decreased by 45.97%, 43.80%, and 13.34%, respectively, while that of the T4.0, T3.25, and T2.5 treatments increased by 46.01%, 49.28%, and 13.89%. Significant differences were not observed in the total N or available P between the different simulated acid rain treatments (P > 0.05; Table 3 ).
Correlation analysis
The seasonally varying soil respiration showed a highly significant exponential correlation with soil temperature in all simulated acid precipitation treatments (P < 0.01). The soil temperature at a depth of 5 cm explained 82.60%-95.2% of the seasonal variation in soil respiration. The soil Q10 values (temperature sensitivity) of the CK, T4.0, T3.25 and T2.5 treatments gradually increased with decreasing acidity. A significant quadratic function relationship was not observed between seasonally varying soil respiration and soil water content in the untrenched plots (P > 0.05). A significant quadratic function relationship was observed between heterotrophic respiration and soil water content in the trenched plots (P < 0.05), although all R 2 values were below 0.2 (Table 4 ). In addition, the two-factor model for soil temperature and soil moisture content had a higher R 2 value than the single-factor model (Table 4) .
The results of the correlation analysis showed that soil respiration had a highly significant positive linear correlation with soil pH, the fine root biomass and urease activity (P < 0.01; R 2 = 0.49, 0.22 and 0.21, respectively). In addition, soil respiration was significantly and positively linearly correlated with sucrase activity (P < 0.05; R 2 = 0.15). By contrast, soil respiration and C:N ratio were highly significantly negatively linearly correlated (P < 0.01; R 2 = − 0.32). A significant and negative linear correlation was observed between soil respiration and the organic C content (P < 0.05; R 2 = − 0.12; Fig. 6 ).
Discussion
Effects of simulated acid rain on soil respiration
In this study, the repeated-measures ANOVA showed that acid rain had a significant cumulative effect on soil respiration and heterotrophic respiration ( Fig. 1E and F) . The effects of acid rain on soil respiration and heterotrophic respiration were not obvious at the beginning of the experiment, but they gradually differed from the control. In 2016, the soil respiration in the untrenched plots was similar between the control and the pH 4.0 treatment but markedly inhibited by the higher acidity of the simulated acid rain. Heterotrophic respiration in the trenched plots was significantly inhibited by all acid rain gradients in 2016. In 2017, soil respiration and heterotrophic respiration were significantly reduced by the simulated acid rain compared with the control levels. This observation is similar to the results of Liang et al. (2016) but inconsistent with the results of Chen et al. (2015) , who found that simulated acid rain had no obvious promoting or inhibiting effects on soil respiration. The reason why the soil respiration of 2016 did not significantly differ between the control and the pH 4.0 treatment was that the soil itself had a buffering effect on the input of acid rain and the acid substances would be partially offset. Because the decrease in soil pH was limited at the beginning of the experiment ( Fig. 4A and B) , its effects on soil microbes and plant roots would also be partially offset. In addition, in the initial stage of the experiment, NO 3 − as a nitrogen source promoted root growth and increased root biomass because of the simulated acid rain composed of sulphuric acid and nitric acid (Fig. 4C) . The increase in root respiration counteracted the decrease in heterotrophic respiration, which resulted in no significant differences between the control and the pH 4.0 treatment in 2016 (Tanikawa et al. 2014; Hu et al. 2015) . In the following year (2017), the effects of acid rain continuously accumulated and resulted in the differences.
Soil respiration mainly comprises autotrophic respiration by roots and heterotrophic respiration by soil microbes. The effects of the simulated acid rain on soil respiration are a reflection of its combined effects on both types of respiration. The main reasons for the decrease in soil respiration by acid rain during 2016-2017 are as follows. 1) With the addition of acid rain, the acid-buffering capacity of the soil is offset and the soil is acidified, leading to decreases in pH ( Fig. 4A and B) . Soil acidification can lead to the release of Fig. 4 Variation in the soil pH under different treatments in the untrenched plots (A); variation in soil pH under different treatments in the trenched plots (B); and variation in fine root biomass under different treatments (C). Vertical bars represent standard errors (n = 4). Different lowercase letters indicate significant differences between treatments (P < 0.05). UTCK, UT4.0, UT3.25, and UT2.5 indicate the control, pH 4.0, pH 3.25, and pH 2.5 simulated acid rain in the untrenched plots, respectively; TCK, T4.0, T3.25, and T2.5 indicate the control, pH 4.0, pH 3.25, and pH 2.5 simulated acid rain in the trenched plots, respectively . Vertical bars represent standard errors (n = 4). Different lowercase letters indicate significant difference between treatments (P < 0.05). URE indicates urease activity; SUC indicate sucrase activity; UTCK, UT4.0, UT3.25, and UT2.5 indicate the control, pH 4.0, pH 3.25, and pH 2.5 simulated acid rain in the untrenched plots, respectively; and TCK, T4.0, T3.25, and T2.5 indicate the control, pH 4.0, pH 3.25, and pH 2.5 simulated acid rain in the trenched plots, respectively Table 3 Variation in soil organic C, total N, C:N ratio, hydrolysable N, available P, and total P. Data are the mean ± standard error
UTCK 18.17 ± 3.19a 1.46 ± 0.24a 12.41 ± 0.32a 0.21 ± 0.01a 1.62 ± 0.77a 0.41 ± 0.03a UT4.0 21.91 ± 1.77b 1.54 ± 0.16a 14.23 ± 0.24b 0.18 ± 0.02b 1.5 ± 0.54a 0.22 ± 0.04b UT3.25 25.99 ± 3.61c 1.65 ± 0.22a 15.77 ± 0.49c 0.15 ± 0.02c 1.34 ± 0.59a 0.23 ± 0.02b UT2.5 25.61 ± 3.04d 1.64 ± 0.18a 17.81 ± 0.45d 0.15 ± 0.01c 1.41 ± 0.80a 0.36 ± 0.03c TCK 19.76 ± 2.18a 1.49 ± 0.17a 13.26 ± 0.47a 0.22 ± 0.01a 1.66 ± 0.71a 0.39 ± 0.03a T4.0 20.84 ± 2.58a 1.59 ± 0.21a 13.11 ± 0.28a 0.24 ± 0.01a 1.83 ± 0.70a 0.21 ± 0.02b T3.25 29.11 ± 1.53b 1.59 ± 0.07a 18.33 ± 0.36b 0.14 ± 0.01b 1.59 ± 0.84a 0.20 ± 0.04b T2.5 29.12 ± 3.04b 1.50 ± 0.15a 19.44 ± 0.44b 0.19 ± 0.02c 2.02 ± 0.51a 0.34 ± 0.04c
Values followed by different letters are significantly different between treatments (P < 0.05). UTCK, UT4.0, UT3.25, and UT2.5 indicate control, pH 4.0, pH 3.25, and pH 2.5 simulated acid rain in the untrenched plots, respectively; TCK, T4.0, T3.25, and T2.5 indicate the control, pH 4.0, pH 3.25, and pH 2.5 simulated acid rain in the trenched plots, respectively some harmful elements, for example, the activation and release of activated aluminium, which has toxic effects on plant roots and lowers the root biomass (Esher et al. 1992; Hirano and Hijii 1998) . The fine root biomass of the pH 4.0, pH 3.25, and pH 2.5 treatments was significantly reduced compared with the control levels (Fig. 4C) . As root respiration contributed to 45.8% of the total soil respiration in forest ecosystems on average, soil respiration decreased with decreasing root biomass (Hanson et al. 2000) . 2) Soil acidification can affect the process of soil C and N cycles, such as organic mineralization, ammoniation, and nitrification, changing the soil environment and affecting microbial respiration (Cheng et al. 2013; Zhu et al. 2013 ). In the current study, the soil OC content Table 4 Relationship of the soil respiration and the heterotrophic respiration with 5-cm soil temperature or moisture content under different simulated acid rain treatments
Treatment 5-cm soil temperature 5-cm soil water content 5-cm soil temperature and water content ), T represents 5-cm soil temperature (°C), M represents 5-cm soil moisture content, and a, b, c, d, e, f, g, and h are constants. UTCK, UT4.0, UT3.25, and UT2.5 indicate control, pH 4.0, pH 3.25, and pH 2.5 simulated acid rain in the untrenched plots, respectively; TCK, T4.0, T3.25, and T2.5 indicate the control, pH 4.0, pH 3.25, and pH 2.5 simulated acid rain in the trenched plots, respectively. * significant correlation (P < 0.05); ** highly significant correlation (P < 0.01) significantly increased in the pH 4.0, pH 3.25, and pH 2.5 treatments compared with the control levels, whereas the corresponding hydrolysable N concentrations also decreased significantly (Table 3 ). In addition, variation in the soil C:N ratio could affect the release of nutrients from the microbial decomposition of organic matter. (Hessen et al. 2004 ). In our study, the soil C:N ratios of the simulated acid rain treatments were significantly higher than the control level (Table 3 ). The increase in soil C:N ratio under the addition of acid rain resulted in N limitation during the decomposition of organic matter by microbes, thus affecting heterotrophic respiration and inhibiting the total soil respiration (Knorr et al. 2005 ). This result was also supported by a significant negative correlation between the soil respiration rate and soil C:N ratio. 3) Acid rain changes soil properties, and the variation in the soil nutrient environment can affect the community and quantity of microbes, whereas the microbes need to readapt to the soil microenvironment (Wan et al. 2015) . Herein, we found no significant differences in soil microbial biomass C and N between the treatments ( Fig. 5A and C), but the urease activity of the UT2.5, T3.25, and T2.5 treatments was significantly reduced, and the sucrase activity of the UT3.25, UT2.5, T3.25, and T2.5 treatments was significantly reduced (Fig. 5B and D) . Soil enzyme activity is a direct expression of the metabolic requirement and available nutrients for microbial communities (Caldwell 2005; Ling et al. 2010) . Therefore, we speculated that acid rain mainly affected the soil microbial community structure, inhibited the enzymes involved in the decomposition of respiratory substrates, and affected microbial utilization of respiratory substrates, thus decreasing heterotrophic respiration in soil respiration (Iqbal et al. 2010) . In conclusion, soil acidification under simulated acid rain affected the root growth and organic matter decomposition, altered the process of C and N cycles, and changed the soil properties, thus affecting the microbial community structure and substrate utilization as well as soil respiration (Hanson et al. 2000) . In our study, the significant linear relationships between the soil respiration rate and the soil pH, fine root biomass, urease activity, sucrase activity, soil organic C, and C:N ratio also illustrated this point (Fig. 6 ).
At present, few studies have focused on the effects of acid rain on the components of soil respiration, especially on the relationship between autotrophic and heterotrophic parts. Chen et al.'s study (Chen et al. 2015) found that simulated acid rain increased the proportion of heterotrophic respiration in total soil respiration, which indicated that simulated acid rain reduced the proportion of autotrophic respiration; however, these findings were inconsistent with the results of this study. The increase in acid rain intensity decreased the proportion of heterotrophic respiration, and the degree of reduction increased as the pH of the simulated acid rain decreased (Fig. 3) . The mechanism of autotrophic respiration was different from that of heterotrophic respiration, and the feedback system on acid rain was also different (Wu et al. 2015) . In this study, the simulated acid rain treatments reduced the proportion of heterotrophic respiration, meaning that an increase in the acid rain intensity more strongly inhibited heterotrophic respiration, which indicated that the response of soil microorganisms to soil environmental changes was stronger than that of root systems.
Effects of temperature and moisture
The significant seasonal variation in soil temperature (P < 0.01) together with a significant exponential function relationship between soil temperature and soil respiration indicated that soil temperature could explain the seasonal variation in soil respiration. However, the simulated acid rain had no significant effects on soil temperature or moisture, indicating that the temperature and moisture contributed little to differences in soil respiration under simulated acid rain. In our study, the temperature sensitivity coefficient of soil respiration and heterotrophic respiration varied from 1.90-2.27 (Table  4) , which fell in the range of the temperature sensitivity coefficient of soil respiration in mixed coniferousbroadleaved forests in China (1.82-3.74) reported by Peng et al. (2009) . During our study period, the Q10 values of soil respiration and heterotrophic respiration increased gradually with decreasing acidity (Table 4) . This result is inconsistent with previous findings that acid rain had no significant effects on the temperature sensitivity coefficient of soil respiration (Chen et al. 2015) and that acid rain lowered the temperature sensitivity coefficient of soil respiration (Liang et al. 2016) . The increase in the temperature sensitivity coefficient may be attributable to simultaneous increases in the temperature sensitivity coefficient of root respiration and microbial respiration or to the greater increase in the temperature sensitivity coefficient of microbial respiration relative to the decrease in that of root respiration. It is highly probable that acid rain affected the quality of the respiratory substrate and increased the temperature sensitivity of microbial respiration, thereby changing the sensitivity of soil respiration (Craine et al. 2007 ). The respiratory substrates are decomposed during soil respiration. Generally, it is more difficult to decompose relatively complex substrates, and the energy required is also increased. Moreover, the activation energy is thus increased as shown by an increase in temperature sensitivity. In the present study, the simulated acid rain treatments increased the C:N ratio of the soil (Table 3) ; therefore, the substrates supplied to the microbes were not readily decomposed, and their activation energy was increased as manifested by the increase in temperature sensitivity. In addition, the simulated acid rain may affect the temperature sensitivity of the roots. Although the simulated acid rain reduced the root biomass compared with the control (Fig. 4C) , the relationship between the root biomass and temperature sensitivity of root respiration remains unclear. Our next step is to distinguish the temperature sensitivity of soil microbial and root respiration under simulated acid rain.
In this study, a significant correlation was not observed between the soil moisture content and soil respiration. The water-heat two-factor model improved the R 2 value compared with the single-factor model, although the effect was weak (Table 4 ). This finding was related to the small seasonal variability of the soil moisture content, which had no extreme values during the measurement period; on the other hand, soil temperature could explain most of the seasonal variation in soil respiration, whereas the soil moisture content had little effect.
Limitations of the study
'Trenching' is a method that has a precedent in the soil respiration literature. Although it is easily accomplished, the method presents certain drawbacks. Soil moisture on trenched plots is usually higher, and additional sources of carbon dioxide from trenched plots may emerge because of decaying dead roots (Eugenio et al. 2010 ). In addition, some autotrophic respiration may be assigned to heterotrophic respiration because of roots below a depth of 40 cm (Lavigne et al. 2003) . These factors can lead to overestimated R h values. In some cases, when the soil moisture content dropped below 12%, water limitations for soil CO 2 emissions were clear (Orchard and Cook 1983; Linn and Doran 1984; Savage et al. 2013 ). In our study, however, the soil moisture in the forest system was not a limiting factor for soil respiration. The regression analysis also showed that relative to temperature, the effect of water on soil respiration was very limited. With regard to the additional CO 2 caused by dead roots, we constructed the trenched plots for 6 months before the experiment to ensure the decomposition of dead roots. Moreover, the whole experiment lasted 2 years to ensure that the effect of dead roots on results was minimized. Thus, the extent of the error with our trenching depth was probably small. First, respiration occurred mainly near the soil surface because the large majority of fine root biomass and debris were located at the upper 5-10 cm and because the contribution of carbon dioxide from deep soil was likely to be small. Second, the soil layer in our study area was thinner. When the depth of trenching was more than 40 cm, soil parent material composed of rock weathering debris emerged, and roots were rare. Therefore, in the two-year experiment in our study area, trenching is a viable option for relatively accurately estimating heterotrophic respiration.
Conclusions
Our results showed that acid rain had a significant cumulative effect on soil respiration and heterotrophic respiration. In 2016, similar soil respiration was found in the control versus the pH of 4.0 treatment, although the higher acidity of the simulated acid rain significantly inhibited soil respiration. In 2017, soil respiration and heterotrophic respiration were significantly decreased by acid rain. Although the soil temperature could explain the seasonal variation in soil CO 2 fluxes, there were no significant differences in the soil temperature and moisture under different simulated acid rain treatments. The simulated acid rain treatments enhanced the temperature sensitivity of soil respiration and heterotrophic respiration. Moreover, our study showed that the simulated acid rain significantly increased the soil organic C content and C:N ratio, lowered the hydrolysable N and the total P concentration, and lowered the soil pH and fine root biomass at the later stage of the experiment. Both urease and sucrase activities were significantly reduced in the higher-acidity treatments. The microbial biomass C and N had no significant differences between the simulated acid rain treatments. The soil respiration rate was significantly positively correlated with soil pH, fine root biomass, and urease and sucrase activity and was significantly negatively correlated with the soil organic C and C:N ratio. Therefore, the soil temperature and moisture contributed little to differences in soil respiration under simulated acid rain. The variation in soil properties caused by soil acidification inhibited the microbial utilization of substrates, which was the main cause of the differences in respiration.
Abbreviations ANOVA: analysis of variance; R: soil CO 2 flux; RC × SAR: interaction between respiration components and simulated acid rain; RC: respiration components (R s and R h ); R h : heterotrophic respiration; R s : soil respiration; SAR: simulated acid rain; SM: 5-cm soil moisture content; ST: 5-cm soil temperature; SUC: sucrase activity; T2.5: pH 2.5 simulated acid rain treatment in the trenched plots; T3.25: pH 3.25 simulated acid rain treatment in the trenched plots; T4.0: pH 4.0 simulated acid rain treatment in the trenched plots; TCK: control treatment in the trenched plots; URE: urease activity; UT2.5: pH 2.5 simulated acid rain treatment in the untrenched plots; UT3.25: pH 3.25 simulated acid rain treatment in the untrenched plots; UT4.0: pH 4.0 simulated acid rain treatment in the untrenched plots; UTCK: control treatment in the untrenched plots
